In the present study, the 26-residue amphipathic α-helical peptide A12L/A20L (Ac-KWKSFLKTFKSLKKTVLHTLLKAISS-amide) with strong anticancer activity and specificity was used as the framework to study the effects of helicity of α-helical anticancer peptides on biological activities. Helicity was systematically modulated by introducing D-amino acids to replace the original L-amino acids on the non-polar face or the polar face of the helix. Peptide helicity was measured by circular dichroism spectroscopy and was demonstrated to correlate with peptide hydrophobicity and the number of D-amino acid substitutions. Biological studies showed that strong hemolytic activity of peptides generally correlated with high hydrophobicity and helicity. Lower helicity caused the decrease of anti-HeLa activity of peptides. By introducing D-amino acids to replace the original L-amino acids on the non-polar face or the polar face of the helix, we improved the therapeutic index of A12L/A20L against HeLa cells by 9-fold and 22-fold, respectively. These results show that the helicity of anticancer peptides plays a crucial role for biological activities. This specific rational approach of peptide design could be a powerful method to improve the specificity of anticancer peptides as promising therapeutics in clinical practices.
Introduction
Cancer has become the most malignant diseases threatening human health and life [1, 2] . The widely-used traditional treatments against cancer such as chemotherapy or radioactive treatments generally exhibit less specificity, for example, the process that the chemotherapeutic agents kill cancer cells is often associated with deleterious side-effects, including damages to healthy cells and tissues, and lead to chemical resistance whereby many adaptation mutations of cancer cells [3, 4] . Therefore, the development of a new class of anticancer agents has become critical.
Nowadays, more and more cationic peptides whether from natural or synthetic sources have been reported to show anticancer activity with various characteristics, like the ability to kill target cells rapidly, the broad spectrum of activity, and the specificity for cancer cells [5] . The cationic α-helical anticancer peptides was a large class of the anticancer peptides, termed as α-ACPs, which often rich in Lys and/or Arg amino acids resulting in the net positive charge of the peptide molecule. Although the mechanism of action of α-ACPs killing the cancer cells has not been clarified yet, it is believed that α-ACPs interact with cancer cell membrane and lead to the cell lysis and cell death [3, 5] . There were two general effects of α-ACPs against cancer cells were suggested: cytoplasmic membrane disruption via micellization or pore formation, and induction of apoptosis [6] .
For anticancer peptides, the major barrier to use anticancer peptides in clinical practices is the toxicity or ability to lyse eukaryotic cells. Compare to the normal cells, the membrane of the cancer cells have several different properties, (a) the membrane of cancer cells containing with negatively charged phospatidylserine (PS) [7] and O-glycosylated mucins [8] , which could be attracted to cationic α-ACPs through electrostatic interactions; (b) the membrane fluidity of cancer cell is greater than normal cells, which may enhance the lytic activity of α-ACPs by facilitating membrane destabilization [9] ; (c) cell surface areas of cancer cells were greater than normal cells, which is based on the relatively higher number of microvilli on tumorigenic cell that may allow cancer cells to bind increased numbers of α-ACPs [10] . The composition difference of cell membranes between cancer cells and normal cells provides a target of designing and developing new anticancer peptide therapeutics with high specificity.
In the previous study, we have demonstrated that the α-helical cationic anticancer peptides killed various cancer cells with a fast necrotic mechanism causing cell membrane lysis, and peptide hydrophobicity played a crucial role during the action [11] . In this study, the helicity was selected to study the relationship of peptide biophysical properties and the mechanism of action against cancer cells. In order to alter the peptide helicity, a series of D-and L-diastereomeric peptides were designed by introducing D-amino acids to replace the original L-amino acids of α-ACPs. By comparing the helicity and the biological activities of peptides, we illustrated the role of helicity of α-ACPs during the mechanism of action against cancer cells and optimized the anticancer activity of peptide analogs as potential anticancer therapeutics.
Results

Peptide Design
Previously, we have systematically studied the effects of peptide hydrophobicity on the mechanism of action of α-helical cationic anticancer peptides and demonstrated peptides killed various cancer cells with a fast necrotic mechanism causing cell membrane lysis and hydrophobicity plays a crucial role during the action [11] . Among all the anticancer peptides, peptide A12L/A20L showed the strongest anti-HeLa activity; in addition, peptides with greater hydrophobicity than A12L/A20L exhibited more cytotoxicity against normal cells [11] . In this study, in order to illustrate the relationships of hydrophobicity and helicity with the biological activity of amphipathic α-helical anticancer peptides, anticancer peptide A12L/A20L was used as the parent peptide (referred to as peptide P in this study, Figure 1 ). Helicity was systematically reduced in various degrees by replacing L-lysine residues with D-lysine residues on the polar face of peptide P and L-leucine residues with D-leucine residues on the non-polar face, respectively, since previous studies have showed that D-amino acids exhibit helix-destabilizing properties in an α-helical structure without changing the intrinsic amino acid hydrophobicity [12, 13] . The peptide sequences are shown in Table 1 and named according to the substitution sites, for example, K7 D means using D-lysine to replace L-lysine at the position 7 on the polar face of peptide P and L6 D means using D-leucine to replace L-leucine at the position 6 on the non-polar face of peptide P. 
a One-letter codes are used for the amino acid residues; the bold italic letters denote the substituting D-amino acids of the peptide P, all other amino acids are L-amino acids.
Peptide Secondary Structure
To determine the helix-destabilizing effect of D-amino acids in the anticancer peptide P, CD spectra of two sets of peptide analogs with D-lysine substitutions on the polar face and D-leucine substitutions on the non-polar face were measured. Figure 2 shows the CD spectra of the example anticancer peptide analogs under benign conditions and in the presence of 50% TFE to mimic the hydrophobic environment of the membrane. All peptides exhibited negligible helical structure in KP buffer. In contrast, all peptides showed the typical α-helical structure with double minima at 208 nm and 222 nm in the presence of 50% TFE. The molar ellipticity values at different environments and the relative helicity of peptide analogs are shown in Table 2 . It is clear to see that peptide helicity was strongly influenced by the number and position of the substituted D-amino acids. In general, helical content of peptide P in the hydrophobic environment was gradually decreased with the increasing number of D-amino acids substitutions both on the polar face and on the non-polar face. For instance, in the presence of 50% TFE, peptide P showed the strongest α-helical structure and the peptide analogs , these results demonstrated that the L-lysine on the polar face had more important role to sustain the helical structure than L-leucine on the non-polar face.
Peptide Hydrophobicity
Peptide relative hydrophobicity was measured by RP-HPLC retention time, since RP-HPLC is highly sensitive to the change of peptide secondary structure during the elution and α-helical peptides bind to the stationary phase of RP-HPLC with the preferred binding domain [13, 14] . In general, peptide hydrophobicity was changed in two ways, the difference of intrinsic hydrophobicity of side-chains of substituting amino acids [15] and the alteration of the number of the i→i+3 and i→i+4 hydrophobic interactions of large hydrophobes which affects the continuity of the hydrophobic face of the peptide [16] . However, in this study, the change of peptide hydrophobicity was mainly due to the destabilizing ability of D-amino acids in the α-helical structure and the change of the continuity of the hydrophobic/hydrophilic face of the helix with different D-amino acid substitutions, since D-and L-amino acid enantiomers have the same intrinsic hydrophobicity. In Table 2 , the hydrophobicity of peptides (as expressed by RP-HPLC retention time t R ) decreased gradually with the increasing number of D-amino acid substitutions both on the polar face and on the non-polar face of peptide analogs while t R ranging from 46.9 to 34.6 min (from peptide P to peptide K1 D /K3 D /K7 D /K10 D /K14 D /K22 D ) and 46.9 to 34.8 min (from peptide P to peptide L6 D /L12 D /L17 D /L20 D /L21 D ), respectively. These results were consistent with the aforementioned orders of helicity on both the polar and non-polar faces.
Anticancer Activity
According to the previous study [11] , HeLa cell line was chosen as the target cancer cell line for this study due to its sensitivity to different peptide analogs and the great viability during cell culture process. Peptides have been proved showing no different anti-HeLa activity after the incubation of 1 h or 36 h [11] , thus, in this study the anticancer activity of the peptides was determined after incubating with HeLa cells for 1 h and results are shown in Table 3 . From Table 3 , it is clear to see that the anticancer activities of peptides correlated to the number of D-leucine substitutions on the non-polar face of the peptides, that is, the more D-amino acid substitutions on the non-polar face, the less anticancer activity the peptides exhibited. In contrast, for the D-lysine substitutions on the polar face, the overall trend was not as clear as that on the non-polar face, indicating the importance of the non-polar face of peptides during the mechanism of action against cancer cells. D-amino acid substituted peptides exhibited stronger anticancer activity than peptide P, showing that maintaining the complete hydrophobic face while modulating the peptide helicity on the polar face may optimize peptide anticancer activity.
Hemolytic Activity
The minimal hemolytic concentration (MHC) of the peptide analogs against human erythrocytes was determined as a major measurement of peptide toxicity toward normal cells (Table 3 ). Compare to the peptide P (MHC = 5.2 μmol/L), the hemolytic activity of peptide analogs was significantly improved up to no detectable hemolysis at the concentration of 325.2 μmol/L by introducing D-amino acids on both the non-polar face and the polar face of the helix. In general, peptide hemolytic activity was correlated with the number of D-amino acid substitutions on both the polar face and the non-polar face of peptides, i.e., the more D-amino acid substitutions, the weaker the hemolytic activity of the peptides was (Table 3 ).
Peptide Specificity (Therapeutic Index)
The therapeutic index is calculated by the ratio of MHC (hemolytic activity) and IC 50 (anticancer activity) and used to represent the specificity of potential reagents, thus, larger values in therapeutic index indicate greater anticancer specificity [11, 12] . In Table 3 , compare to the parent peptide P, the therapeutic indices of peptides against HeLa are generally in a first-increase-then-drop trend with the increasing number of D-amino acid substitutions both on the polar face and on the non-polar face. 
Discussion
In the previous study, we have demonstrated that the hydrophobicity of peptides plays a crucial role in the mechanism of action against cancer cells and the peptides with greater hydrophobicity showed stronger anticancer activity with a necrotic-like membrane disruption mechanism [11] . Shai et al. reported a group of short model diastereomeic peptides composed of varying ratios of leucine and lysine and one third of their sequence composed of D-amino acids could lose their cytotoxic effect on normal mammalian cells but preserve biological activity [17] [18] [19] , in addition, their stability to enzymatic degradation by serum components is an excellent property for anticancer application. In this study, peptide P with strong anticancer activity was used as the parent peptide and the helicity was systematically reduced to different degrees by replacing L-amino acid residues with D-enantiomeric amino acids on the polar face or the non-polar face. Figure 3B,D) . This can be attributed to the fact that peptides with stronger helicity usually exhibit more complete non-polar face or polar face, thus have higher relative hydrophobicity; whilst, D-amino acid substitutions disrupted α-helical structure of peptides, broke the continuity of the non-polar face or the polar face and reduced the hydrophobicity of peptides [12, 13] . At the same times, From Figure 3E ,F, it is clear that the hydrophobicity and the helicity in 50% TFE of the peptides with D-amino acid substitutions on the polar face or the non-polar face showed linear correlation with R values of 0.955 and 0.913, respectively. These results are consistent with the linear relationships of hydrophobicity and helicity of amphipathic helical anticancer peptides in the previous studies [11, 12] . Table 3 . Hatched columns denote the peptides with D-amino acid substitutions on the polar face and solid columns denote the peptides with D-amino acid substitutions on the non-polar face. The numbers on the X-axis denote the corresponding peptide analogs in Table 1 .
In this study, the anticancer activity and hemolytic activity of the peptides also correlated with the peptide helicity and the number of D-amino acid substitutions both on the polar face and on the non-polar face (Table 3) . However, the helicity showed different effects against cancer cells and normal cells when measured therapeutic index (Table 3, Figure 4 ). When the number of D-amino acid substitutions on both the polar face and the non-polar face of peptides is less than 3, the anticancer activity of peptide analogs were strong and similar among these peptides, whilst values of the hemolytic activity were showed in a gradually increasing trend, thus peptide specificity were improved. In contrast, when the number of D-amino acid substitutions on both the polar face and the non-polar face of peptides is more than 3, the values of IC 50 of most peptide analogs increased dramatically (less anticancer activity) with the hemolytic activity improved, resulting the decrease of specificity (Table 3, Figure 4 ). According to the previous studies, peptides killed cancer cells with a fast necrotic mechanism causing cell membrane lysis as described in the "membrane discrimination mechanism" [11, 20, 21] . Hydrophobicity plays an important role for peptide penetrating deep into the hydrophobic core of the cell membrane. Helicity showed the similar effect to hydrophobicity during the mechanism of action of anticancer peptides. Stronger helicity usually means the more complete non-polar face of the helix, which is correlated with higher apparent hydrophobicity of peptide molecules when interacting with biomembrane. We believe that hydrophobicity and helicity are key parameters for the mechanism of action of α-helical anticancer peptides. Moreover, in this study, amino acid residues on the polar and the non-polar face of the helix seem to have different effects on peptide biological activity. Amino acids on the polar face may be more sensitive to the cytotoxicity of peptides against normal cells; in contrast, amino acids on the non-polar face are necessary to maintain the anticancer activity. Hence, peptide specificity can be improved by the modulation of suitable D-amino acid on the polar face or the non-polar face of helix.
In summary, this study shows the important role of helicity in the mechanism of action of the α-helical anticancer peptides and the relationships between helicity and hydrophobicity. Utilizing D-amino acid substitution approach, we can modulate peptide helicity, increase anti-HeLa activity and reduce cytotoxicity against normal cells, thus improve peptide specificity. The number of D-amino acid substitutions was correlated with the decrease of peptide helicity and hydrophobicity. This de novo design approach proves its value of obtaining new anticancer peptides with promising potentials in clinical practice.
Experimental Section
Materials
Rink amide 4-methylbenzhydrylamine resin (MBHA resin) (0.8 mmol/g), all of the N-α-Fmoc protected amino acids and coupling reagents for peptide synthesis, trifluoroacetic acid (TFA), 2,2,2-trifluoroethanol (TFE) were purchased from GL Biochem (Shanghai, China). Acetonitrile (HPLC grade) was obtained from Fisher Scientific Worldwide Co. (Shanghai, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma (St. Louis, MO, USA). Others analytical grade were purchased from JinXin Chemicals (Changchun, China).
Cell Line and Cell Culture
Human cervix carcinoma cells (HeLa) was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) in 2011. In this study, cells were grown at 37 °C in Dulbecco's modified eagle medium (DMEM) containing 100 U/mL penicillin, 100 μg/mL streptomycin and supplemented with 10% fetal bovine serum (Invitrogen Co., Grand Island, NY, USA).
Peptide Synthesis and Purification
Peptide synthesis was carried out by solid phase peptide synthesis using Fmoc (9-fluorenyl-methoxycar-bonyl) chemistry and Rink amide 4-methylbenzhydrylamine resin (MBHA resin; 0.8 mmol/g), as described previously [12, 22] . The crude peptides were purified by preparative Shimadzu LC-6A high-performance liquid chromatography (HPLC), using a Zorbax 300 SB-C 8 column (250 × 9.4-mm ID, 6.5-μm particle size, 300 Å pore size; Agilent Technologies, Santa Clara,
